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G PROTEIN CHIMERAS 

The present invention relates to chinneric G proteins, expression constructs 
therefor, yeast cells expressing such constructs and methods of making and 
using them. 

G protein-coupled receptors are integral membrane proteins, characteristically 
with 7 transmembrane domains, which convey hormonal and sensory signals to 
the cell interior (see (1) for review). These receptors are commonly referred to 
as 7TM receptors or TTMRs. The receptors respond to ligand binding by 
activating heterotrimeric G proteins composed of a. p and y subunits. The G„ 
subunit is bound to GDP in the G protein trimer, and interaction with an activated 
(ligand bound) receptor induces the replacement of GDP with GTP. 
Accompanying conformational changes result in the dissociation of G„-GTP and 
the Gp/G, particle, either of which can modulate ion channel or enzyme effectors 
to cause signal propagation. The signal persists until G„, which has GTPase 
activity, hydrolyses the bound GTP, allowing reassembly of the heterotrimer. 
Members of the RGS (Regulator of G protein Signalling) protein family regulate 
signal duration by acting as GAPs (GTPase activating proteins) for the G„ 
subunit (38) (17). The G protein signalling system appears to be common to aS 
eukaryotes. 

A well-characterised example of the trimeric G protein signalling system is the 
pheromone response pathway of the budding yeast Saccharomyces cerevisiae 
(20). Cells of the MATa mating type express a receptor encoded by the STE2 
gene. This receptor becomes activated upon binding of the a-factor mating 
pheromone, a peptide secreted by cells of the opposite (MATa) mating type. 
The yeast G protein is assembled from the products of the GPA1 (GJ, STE4 
(Gp), and STE18 (G,) genes. The Gp/G, (Ste4p/Ste18p) particle released upon 
activation of the Ste2p receptor conveys the signal to a mitogen-activated 
protein kinase (MAPK) module. This leads to activation of the cydin-dependent 
kinase inhibitor Far1p. causing cell cycle an-est and transcriptional induction of a 
set of genes involved in the mating process, including FUS1. The pathway is 
desensitised by Sst2p, a member of the RGS family. Cells of the opposite 
mating type (MATa) express a different receptor (Ste3p) and thereby respond to 



wo 99/14344 



PCT/GB98/02759 



2 



the pheromone (a-factor) secreted by MATa cells; otherwise the signalling 
apparatus utilised in the two mating types is the same. 

At present, at least 16 G„ subunits. 5 G, subunits and 1 1 G, subunits have been 
Identified in mammals, which can assemble a wide diversity of trimeric G 
proteins. On the basis of sequence homology, the G„ subunits fall into at least 
four families, related to G„, G^. G„,. or G^,^. Typically, a given 7TM receptor 
activates only a single or small subset of G„ subunits. Thus even in cells which 
express multiple G„ subunits. signalling may be specific to particular G proteins 
and their downstream signalling pathways. A combination of approaches has 
defined several specific regions of the G„ subunit as key detemiinants of 
receptor/G protein specificity. These include regions in the N-terminus the 
switch II to switch III regions (21) which are primarily responsible for binding 
Gp/G,. and particularly regions of the C-terminus. For example, a cluster of 
mutations occurring in the C-temiinal region of G„ have been found to cause 
defects in receptor coupling ((29)(13) and references therein). Also peptides 
modelled on the C-temiini of G„, (transducin) and G^^ compete for binding to 
rhodopsm and the p-adrenergic receptor, respectively (9)(30)(35) and antibodies 
directed against the G„ C-temiinus can also block interaction with receptors 
(6)(10)(36). The normal response to agonist stimulation of the adenosine A, 
receptor in cultured mammalian cells (e.g. COS cells) is the activation of G •- 
family proteins, resulting in inhibition of adenylate cyclase. G^-containing 
heterotnmers in contrast do not nomially respond to A, activation. However G 
subunit can be induced to interact with the A, receptor by exchanging the C- 
terminal four amino acids of G„, for the corresponding amino acids of G^ (7) 
Hence, phospholipase C (an effector of activated G„,) can be activated by 
adenosine A1 receptor agonists when signalling is mediated by a chimeric G 
subunit (7). The somatostatin SST, receptor is incompatible with G^, but can be 
coupled to the activation of adenylate cyclase in COS cells by replacement of 
five C-temninal amino acids of G^ with corresponding residues from either G 
which IS known to interact with the SST3 receptor, or from G„,e(18) G ,5 and 
G„„ interact with a wide range of 7TM receptors (26). and are unusuarin this 
respect. In crystal structures which have been solved for G,i (41) and G, (19) 
tnmers. the G„ C-tenninal tail lies on a flat, largely uncharged surface of the G 
protein tnmer which also includes two lipid groups covalently attached to the G 
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N-terminus and the G, C-terminus. This surface is believed to face the 
membrane and to be involved in interactions with the intracellular loops of the 
7TM receptor. 

Several reports have demonstrated that the yeast G protein signalling system 
can be coupled to heterologously expressed mammalian G protein-coupled 
(7TM) receptors. Some receptors, including the rat somatostali^TsSTTT^ceptor 
(33) and the rat adenosine ^^ receptor (34). can interact directly with the 
yeast G„ protein Gpalp. whereas other receptors, including the human growth 
homione releasing homnone receptor (GHRHR)(12). are incompatible with 
Gpa1 p. , In order to allow coupling of these receptors, the yeast G„ subunit can 
be deleted and the heterologous receptor co-expressed with a full-length 
mammalian G„ subunit. Alternatively, ^c^ G„ subunitsjhave been used in 
which the C-temiinal domain (approx. one third of the peptide sequence) of 
Gpalp IS replaced with the equivalent region of a mammalian G„ subunit See 
W095/21925 (American Cyanamid Company) for both approaches. Chimeras 
or other modified or heterologous G„ subunits must satisfy several criteria to be 
usefulm a yeast coupling system. Most importantly, they must bind efficiently to 
yeast Gp/G, to prevent signalling in the absence of activated 7TM receptor and 
they must effectively interact with agonist-bound activated receptors to be 
capable of signal propagation. 

Such heterologous or chimeric G„ components can facilitate the coupling of a 
heterologous 7TM receptor to the yeast signalling system (the pheromone 
response pathway) so that the effects of ligands such as potential new drug 
molecules on the receptor can be observed in phenotypic responses of the 
yeast cells. For example, cells may be induced to grow, and/or to convert an 
indicator dye compound in response to receptor agonists by Introducing reporter 
genes downstream in the signalling pathway. However, chimeric constructs such 
as those described in W095/21925 commorily sW ^i^u^f dlSTni^T^^ t'he 
yeast G protein Py subunit pair and show increased background signalling 
Because of the specificity of a given receptor for one or a small number of the 
known G„ subunits. different G„ constructs have been required to demonstrate 
functional coupling activity with the majority of receptors tested 
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The discovery of new drugs able to act via 7TM receptors requires screens of 
high efficiency, yet high specificity. Currently, the yeast coupling system is 
constrained by receptor/G protein specificity which imposes a requirement for a 
wide variety of G^, constructs to be tried for each receptor tested for coupling. 
5 For receptors which fail to couple, there is uncertainty as to whether failure is 
due to receptor/G pnDtein incompatibility, or other reasons such as inappropriate 
receptor confomiation, for example. It would be desirable to be able to couple a 
number of different receptors to the yeast G protein signalling pathway using a 
single G^ construct. This can be beneficial in the study of orphan receptors, of 
10 which nothing is known of receptor/G protein specificity. Alternatively, an array 
of Go constnjcts could be used in the study of orphan receptors. 

Surprisingly, we have found that certain chimeric G proteins, which we refer to 
as G protein '^transplants" can be at least ten-fold more efficient than previously 
15 known chimeras in coupling mammalian 7TM receptors to the yeast mating 
pathway. 

Accordingly, in a first aspect the present invention provides a chimeric G„ 
protein having yeast G^ (Gpalp) amino acid sequences modified by a minimum 
20 of 3 amino acids positions within the C-temiinal 10 amino acids by substitution 
with alternative amino acids. Preferably the chimera includes at least 5 such 
substitutions. 

Accordingly, in a second aspect the present invention provides a chimeric G^ 
25 protein having yeast G„ (Gpalp) amino acid sequences modified at a minim um 
of t hree amino acid positipns within the C-terminal 10 amino acids] by 
substitution with amino acids from a heterologous G^, protein. PreferaBTjAhe 
chimera includes at least 5 substitutions. In preferred embodiments of this 
aspect of the invention, the chimera includes at least 3, desirably at least 5 
30 consecutive amino acids corresponding to an amino acid sequence derived from 
the C-terminal 10 amino acids of a heterologous G^ protein. For example, the 
C-terminal 5 amino acids of a mammalian G^ protein, for example G^^g, but 
feasibly any G^,, may replace at least the C-temiinal 5 amino acids of the 
endogenous yeast G^, protein to provide a chimera according to the invention. 
35 We have designated such chimeras "transplants" or "transplant chimeras". 



wo 99/14344 



PCT/GB98/02759 



5 



The chimeric proteins of the present invention are believed to adopt a 
conformation which is more compatible with signal transduction in yeast (and is 
presumed to be closer to the native yeast confomnation) than that of 
5 previously known chimeras in which the C-tenninal domain of the yeast protein ^ 
was exchanged for that of a mammalian G„ protein. Thus the chimeras of the 
present invention have the advantage of changing receptor specificity and 
pemiitting the coupling of diverse receptors to the yeast signalling pathway with 
only minimal changes to the Gpa1p sequence. As a result of the close similarity 
10 to wild-type Gpalp, these chimeric G„ subunits retain a similar affinity for Gp/G^ 
as Gpalp. and expression can be directed by the GPA1 promoter to achieve an 
optimal stoichiometry of G^^. Expression from various other promoters is also 
compatible with receptor coupling. 

15 In a third aspect, the present invention also provides a nucleotide sequence 
encoding a chimeric G^ protein according to the present invention. Also 
provided is an expression vector comprising said nucleotide sequence and 
capable of expressing the nucleotide sequence on transfection into a suitable 
host cell. The constmction of expression vectors including suitable promoters, 

20 transcription termination sequences and marker genes will be apparent to a 
person skilled in the art. The host cell may desirably be a yeast cell of the 
species Saccharomyces cerevisiae and represents a further aspect of the 
invention. 

25 Accordingly, the invention also provides a transfomned yeast cell comprising a 
nucleotide sequence which encodes a chimeric G„ protein according to the 
present invention, for example a heterologous G protein-coupled receptor 
including receptors for which the ligand is unknown, and a nucleotide sequence 
which encodes a chimeric G^ protein comprising yeast G^ (Gpalp) amino acid 

30 sequences and at least 3 amino acids derived from the amino acid sequence of 
the C-terminal 10 amino acids of a G^^ protein according to the present invention 
for example a heterologous G^ protein, such as the mammalian. G^^^ protein. 
The heterologous receptor may be a 7TM receptor. Such receptors include 

those for acetylcholine, adrenaline, noradrenaline, dopamine, histamine. i 

35 melatonin, serotonin, angiotensin, prostaglandins, cannabinoids, neuropeptide i 

I 

i 
\ 
I 

i 

I 
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Y, substance P, opioids, glucagon, angiotensin, bradykinin, chemokines, 
thrombin, glycoprotein hormones, adenosine, nucleotides, and somatostatin. 

Transfomied yeast cells according to the present invention may also comprise a 
5 nucleotide sequence encoding a reporter gene operatively associated with a 
promoter responsive to the G protein signalling pathway. Such reporter genes 
may include HIS3 or other auxotrophic markers (such as URA3, LEU2, or TRP1) 
or genes which confer resistance or sensitivity to dmg selections, such as CYH2 
or G418^ or other genes such as those encoding intracellular enzymes such as 

10 p-galactosidase {LacZ) and luciferase. or green fluorescent protein (GFP), or 
genes encoding secreted enzymes such as a phosphatase such as PH05, or a 
kinase. Desirably, yeast cells may contain combinations of multiple reporter 
genes, such as FUS1'HIS3 and FUSI-lacZ. In prefen^ed embodiments the 
transfomied yeast cells will also include mutations in at least one of the GPAt 

15 SST2 or STE2 genes. Preferably such mutations will be deletions. Desirably. 
FAR1 is also deleted when a reporter gene is used to monitor activity in the G 
protein signalling pathway. This ensures that growth can continue even under 
conditions which activate the pheromone response pathway. In alternative 
embodiments of this invention, the FAR1 gene may remain intact so that agonist 

20 stimulation causing activation of the signalling pathway may be monitored as 
resulting in growth arrest. 

Preferred yeast strains will have deletions of SST2 and GPA1 (yeast G^,) - the 
fomier to prevent down-regulation of the signal by Sst2p activation of GTP-ase, 
25 the latter to prevent signal quenching, which occurs when G^^ is present in 
stoichiometric excess to Gp/Gy, due to rapid reassociation of the actively 
signalling Gp/G^ moiety into the inactive heterotrimer. 

We have designated: -fee^himera between the N4e mDinal 46LaminQ acids of 
30 Gpa1 p and tK<^^ C-terminal amino acids of G„i6 as the Gpa1-G^ transpjanO 
Similarly, the chimera containing the C-temiinal 5 amino acids of G^q is 
designated as the Gpa1-G„q transplant, and the chimera containing the C- 
tenninal 5 amino acids of G^s is designated as the Gpa1-G^ transplant. In 
addition, the following transplants have also been constoicted. They are 
35 identical to those described above, ie. they comprise the N-tenminal 467 amino 
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adds of Gpalp and tt,e Cterminal 5 amino acids ton, a G. pn>tein as follows: 
Gpa1-G,„, Gpa1-G.,3, Gpa1.G,„, Gpal^^,. Gpa1^.„, Gpa1-G.„ and Gpa1- 

A further transplant was prepared between the yeast G„. Gpal p and Gpa3 a G 
subunit from the yeast Ustilago maydis. This transplant is designated Gpa1- 
Gpa3. These transplants illustrate that by changing the 5 C-tenninal amino 
acids of Gpalp the specificity of the G„ subunit for receptors ^^n-b^iltered 
Also the results indicate that the effectiveness of the "transplants" in coupling to 
foreign receptors in yeast is unexpectedly good compared to chimeric subunits 
With longer heterologous G„ regions. 

In mammalian cells, the purinergic nucleotide P2Y, receptor is coupled to the 
activation of phospholipase Cp (PLCp) via G„,. We have found that the Gpa1- 
transplant substantially improves the weak response to agonist observed 
with w,ld-type Gpalp. Similarly, coupling of the somatostatin SST, receptor 
achieved with the Gpa1-G„,e transplant was enhanced ten-fold compared to 
either wild-type Gpalp or the G„,o family chimeras, which is remarkable 
considering this receptor interacts with G„,o proteins in mammalian cells. Also 
he 5HT,, receptor can interact with the Gpa1-G„,e transplant, even though it 
fails to stimulate wild-type Gpalp in MMY9 yeast cells. Minimal amino acid 
substitutions can confer on yeast Gpalp the properties of a generic G protein 
(G„,6) which was not possible under previously described approaches to 
chimera construction. Therefore this invention presents for the first time the 
possibility of a system comprising a single G„ subunit and able to couple a wide 
variety of 7TM receptors. 

Moreover, we have found that the approach of substituting the five C-temiinal 
ammo acids of Gpal p to generate the transplants is widely applicable, in that we 
have generated transplants of representative members of all four G, families- 
Gal. G^. G„, and G,,^- This was not possible in previously described approaches 
to chimera construction. Furthemiore. all of the transplants can be expressed 
from he promoter of the GPA1 gene to achieve optimal stolchimetry for efficient 
coupling. This was not possible in previously described approaches to chimera 
construction, as some of these chimeras required expression from stronger 
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promoters, as in the case of Gpa1/G^ (ref:12). Lastly, the pheromone response 
pathway is not activated in cells which express integrated versions of the 
transplants in the absence of activated receptors. This indicates that 
manipulations to the C-temiinal amino acids do not interfere with the interaction 
with Gp/G,: this was not true with previously described approaches to chimera 
construction. Together, our data suggest that the approach of creating 
transplants will be applicable to any newly discovered mammalian G or to G 
subunits not described herein (G„, or G„^) or to G„ subunits derived from any" 
other metazoan species. 



The invention will now be further described, by way of example and illustration 
and not of limitation, by the following experimental examples with the aid of 
figures in which: 

Figure 1 shows agonist-dependent growth of the modified yeast (S cemvisiae) 
strain MMY9. Cells expressing one of four human G protein-coupled receptors 
.llustrate the ability of these receptors to interact with and activate the 
endogenous yeast G„ subunit (Gpa1 p); 

Figures 2 A-D show induction of the FUS1-lacZ reporter gene in response to 
receptor agonists using cells expressing receptor plus different modified G 
subunits; ° 

Figure 3 shows that constructs which express a Gpa1/G„,e chimera (containing 
a large C-temninal domain derived from G^,,) reduce FUS1-HIS3 reporter gene 
expression to basal levels; 

Figures 4 A-D show agonist^Jependent activation of the FUSI-lacZ reporter 
gene by receptor agonists, mediated by Gpa1p modified at the C-temiinal five 
residues (the transplants); 

Figure 5 is a diagrammatic representation of G„ subunit constmcts used in this 
study. The switch domains are shaded. Numbers In parenthesis refer to amino 
acid numbers of wild-type G„ subunits. Gpa1/G„ chimeras in B) contained C- 



wo 99/14344 



PCT/GB98/02759 



9 



terminal, regions (hatched) as follows: G„„(212-354). G^^ (213-355). G ,3 (212- 
354). G„o(213-354). G„,6 (221-374). G^(235-394). G„,(211-353); 

Figure 6 (a) to 6 (h) are diagrammatic representations of certain plasmid 
constructs used in this study (plasmid maps); 

Figure 7 shows the activity of the FUSUacZ reporter gene in MMY9 (STE2) and 
MMY1 1 (ASTE2) cells transfomied with pRS314-Gpa1 in response to incubation 
with the agonist, a-factor; 

Figures 8 A-C show comparisons of isogenic yeast strains containing either 
episomal or integrated constmcts expressing the transplants Gpal-G^^ (Fig.8A). 
Gpa1-G„i3 (Fig.8B). and Gpa1-G„i2 (Fig.SC). Cells were deleted for the 
endogenous STE2 gene but were transfomied with a plasmid (Yep24-STE2) to 
express Ste2p to enable detection of FUSUacZ reporter gene activation in 
response to a-factor. 



Materials and Methods: 
Plasmids and Strains 

Nucleic acid manipulations were earned out according to standard methods (24). 
Receptor Expression Constmcts 

Receptor expression constmcts were based on the high copy number episomal 
yeast-E.co// shuttle vectors pFL61 (27). YEp24. and pDT-PGK (see plasmid map 
of Fig. 6(A)), which is identical to pPGK reported by Kang et al. (14). 
Complementary DNA (cDNA) sequences encoding unmodified human G protein- 
coupled receptors were introduced into these vectors between the promoter and 
temiinator regions of the PGK1 gene, to confer strong constitutive expression in 
yeast cells. The somatostatin SSJ^ receptor (Genbank accession M81830) was 
introduced into pFL61. The melatonin ML^b (Genbank accession U25341) 
somatostatin SST5 (Genbank accession L14865). serotonin 5HT,^ (Genbank 



wo 99/14344 



PCT/GB98/02759 



10 

accession XI 3556), and serotonin 5HTid (Genbank accession M81589) 
receptors were introduced into pDT-PGK. The purinergic nucleotide P2Yi 
receptor (Genbank accession S81950) and the adenosine receptor 
(Genbank accession IVI97759) were also introduced into pDT-PGK. The 
purinergic nucleotide P2Y2 receptor was also introduced into pDT-PGK. The 
sequence of the P2Y2 receptor con-esponded to that reported by Pan- et al. 
(Genbank accession U07225) (32)(31) except codon 348 was GAA (Glu) and 
not GGA (Gly). potentially as a result of phylogenetic variation. The gene 
encoding the endogenous yeast a-factor receptor S7E2 was expressed from its 
own promoter using the constmct Yep24-STE2. 

G„ Expression Constructs 

To create a construct for expression of sequences encoding G protein a 
subunits, a cassette consisting of the 1 Kb upstream region of the GPA1 gene 
(the GPA1 promoter), plus a multiple cloning site and the transcription temiinator 
region of the ADH1 gene (ADHt) were inserted into the centromeric plasmid 
PRS314 (Stratagene), generating pJW1 (Fig. 6 (b)).The GPA1 open reading 
frame was inserted into the Nru\ site of pJW1 to create the GPA1 expression 
plasmid pRS314-GPA1 (Fig. 6 (c)). 

Gpal/Gag Chimera 

Sequence encoding the chimeric G„ subunit Gpa1/G„i3 was derived from the 
plasmid pADC2-SCGi3. The chimera encoded by this plasmid is of a structure 
identical to that reported by Kang et al. (14) (with a BamHI site in the switch II 
domain) except that it contains the C-terminus of G„i3 rather than G^2- The 
Gpa1/G„i3 expression constmct used in this study was created by PGR 
amplification using oligodeoxynucleotide primers to incorporate Nco\ and Not\ 
restriction enzyme sites adjacent to the open reading frame. 

The sequence encoding the Gpal/G^o chimera was inserted between the A/col 
and Noti restriction enzyme sites of pJWI. to create the plasmid pRS314- 
Gpa1/G^3 (Fig. 6 (d)). Constmcts to express the Gpa1/G„o. Gpal/G^,. 
Gpa1/G^2 Gpa1/G^ Gpa1/G„„ and Gpa1/G„i6 chimeras were derived imm 
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PRS314-Gpa1/G„,3 by replacing the G„,.3<»erived sequence (between the BamHI 
and Not\ restriction enzyme sites) with sequences encoding corresponding C- 
termmal regions of G„o. G„m, G^^^ . G.,. G„, and G^,,. Plasmid maps of pRS314- 
Gpa1/G„o. PRS314-Gpa1/G„,. pRS314-Gpa1/G<,2. and pRS314-Gpa1/G„ie are 
presented in Figs 6 (e). (f). (g) and (h). respectively. 

G„ Transplants 

The 'transplants', which had amino acid modifications the extreme C-terminus of 
Gpa1p. were generated in three steps. First, the Am site located In the GPA1 
promoter of pRS314.GPA1 was removed by blunt-ending with Klenow and 
religation. Next, codon 467 of GPA1 was altered from AAA to AAG by site- 
directed mutagenesis, which was earned out using the Quik-change kit 
(Stratagene). This nucleotide change introduced an Afl\\ site without changing 
the encoded protein sequence. Finally, the Am/Xho\ fragment was replaced with 
oligodeoxynucleotide linkers created by annealing the pairs of 
oligodexoynucleotides shown in Table 1. 

Tabiel 



Oligodeoxy- 
nucleotide 


Sequence (5" to 3') ' 


Transplant 


Gqtop 
Gqbtm 


TTAAGGAATACAACCTAG I 1 IGAATFCCG SEQ ID NO: 1 
TCGACGGAATTCAAACTAGGTTGTATTCC SEQ ID NO: 2 


Gpa1/G„, 


Gstop 
Gsbtm 


TTAAGCAATACGAACTATTGTGAATTCCG SEQ ID NO: 3 
TCGACGGAATTCACAATAGTTCGTATTGC SEQ ID NO: 4 


Gpa1/G„, 


Gotop 
Gobtm 


TTAAGGGTTGTGGCTTGTACTGAATTCCG SEQ ID NO: 5 
TCGACGGAATTCAGTACAAGCCACAACCC SEQ ID NO: 6 


Gpa1/G„ 


Giltop 
Gilbtm 


TTAAGGATTGTGGTTTG II II GAATTCCG SEQ ID NO: 7 
TCGACGGAATTCAAAACAAACCACAATCC SEQ ID NO: 8 


Gpa1/G^i 


Gi3top 
Gi3btm 


TTAAGGATGIGGTrrGTACTGAATTCCG SEQ ID NO: 9 
TCGACGGAATTCAGTACAAACCACATTCC SEQ ID NO: 10 


Gpal/GoB 


Gztop 
Gzbtm 


rrAAGTATATAGGCTTGTGTTGAATrCCG SEQ ID NO: 11 
TCGACGGAATTCAACACAAGCGTATATAC SEQ ID NO: 12 


Gpa1/G« 


G12top 


TTAAGGATATTATGTTGCAATGAATTCCG SEQ ID NO: 1 3 " 


6pa1/G„,2 
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G12btm 


TCGACGGAATTCATTGCAACATAATATCC SEQ ID NO: 14 




G13top 
G13btm 


TTAAGCAATTGATGCTACAGTGAATTCCG SEQ ID NO: 15 
TCGACGGAATTCACTGTAGCATCAATTGC SEQ ID NO: 16 


Gpa1/G,,3 


G14top 
G14btm 


TTAAGGAAT i i aau I I GG I II GAATTCCG SEQ ID NO: 1 7 
TCGACGGAATTCAAACCAAGTTAAATTCC SEQ ID NO: 18 


Gpa1/G„i4 


G16top 
G16btm 


TTAAGGAAA7TAACCTATTGTGAATTCCG SEQ ID NO: 19 
TCGACGGAATTCACAATAGGTTAATTTCC SEQ ID NO: 20 


Gpa1/G„i6 


Stoptop 
Stopbtm 


TTAAGTGAGCGGCCGCGAATTCCG SEQ ID NO: 21 
TCGACGGAATTCGCGGCCGCTCAC SEQ ID NO: 22 


[truncated 
Gpalp] 



The resulting plasmids encoded in-frame fusions between amino acids 1 to 467 
of Gpalp and the 5 C-terminal acids of mammalian G„ subunits (Fig.SC). A 
plasmid to express a truncated version of Gpap1 lacking the 5 C-terminal acids 
(Fig.SD) was created by introducing a stop codon at codon position 468 by 
insertion of linkers as above (Table 1). 



Yeast Strains 

The yeast strain MMY9 was created to study the functional interactions between 
7 transmembrane helix receptors and G proteins. This strain was derived from 
the common laboratory strain W303-1A (genotype: MATa his3 ade2 Ieu2 trp1 
ura3 cani). Activation of the pheromone response pathway was monitored by 
two reporter genes. FUS1-HIS3 and FUSUacZ which were integrated into the 
FUS1 and leu2 loci, respectively. The FAR1 gene was deleted by one-step gene 
replacement using a farlA::URA3 DNA constmct. so that growth continued even 
under conditions which activated the pheromone response pathway. The SST2 
gene was deleted by one-step gene replacement using a sst2A::URA3 DNA 
constmct to prevent down-regulation of G protein signalling by the GTPase- 
activating function encoded by this gene. After each of these manipulations, the 
ura3 marker was recovered by transfomiation with a ura3A fragment consisting 
of the of the URA3 gene with an intemal 243bp (EcoRV to Stu\) deletion, 
followed by 5-fluoro-orotic acid selection. The chromosomal GPA1 (GJ gene 
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was deleted by one-step gene replacement using a gpa1A:ADE2 DNA 
constnjct. 

The yeast strain MMY1 1 was derived from MMY9 by one-step gene replacement 
using a ste2A::G418f^ DNA construct, selecting for geneticin resistant colonies 
and confinning that resistant colonies failed to respond to the Ste2p agonist, a- 
factor. 

Assays for Reporter Gene Expression 

Agonists somatostatin (S-14), melatonin, serotonin, adenosine 5'-diphosphate 
(ADP) and uridine 5'-triphosphate (UTP) were obtained from Sigma. Alpha factor 
was synthesised by Peptide and Protein Research, Exeter, UK. 5'-N- 
Ethylcarboxamidoadenosine (NECA) was obtained from Research Biochemicals 
Intemational. 

Assay for FUS1-HIS3 Expression. Reverse halo assays were canied out by 
growing MMY9 cells to early stationary phase (ODgoo 4) in liquid SC-glucose 
(2%) medium lacking tryptophan and uracil. A unifomi layer of cells (5 x lO'') was 
plated to 22.5cm by 22.5cm bioassay dishes (Nunc) in 100ml SC-glucose agar 
(1%) equilibrated to 50''C. This medium lacked tryptophan, uracil and histidine, 
and was supplemented with lOmM S-aminotriazole, and buffered to pH 7.0 with 
0.1 M sodium phosphate. Antibiotic discs were placed on the solidified agar, and 
a volume of agonist solution (1-5^l) was applied to each disc. Plates were 
incubated at 30°C for 3 days. 

Assays for FUSI-lacZ Expression, p-galactosidase activities in cell extracts 
were measured with two assays. In the first assay (ONPG assay), cell extracts 
were incubated with the substrate ONPG as described by (37). Units were 
defined as (A420 x 1000)/(OD6oo x t x v) (25). In the chemiluminescent assay, 
cells were grown to late logarithmic phase and diluted to 0.02 ODeoo in 100^1 
SC-WH medium in the presence or absence of 1 a-factor in 96-well 
microtitre plates. After incubation (30°C; 6 hours), 20^x1 of cells were removed 
and mixed with 20^l assay mix (125 mM sodium phosphate pH 7.5, 15 mM 
MgS04, 200 nM Galacton-Star p-galactosidase substrate (Tropix), 10% (v/v) 
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Sapphire II (Tropix), 1 U/^l oxalyticase (Enzogenetics)). After incubation (SCC; 
1 hr) chemilumlnescence was determined in a Top-count scintillation counter 
(Packard). 

Assay for combined FUSI-lacZ and FUSI-HISS Expression. In vivo assays 
of reporter gene induction (CPRG assays) were carried out by suspending cells 
to 0.02 ODeoo in 200^l SC-glucose (2%) lacking tryptophan, uracil and histidine. 
This medium was supplemented with agonists, and additionally lOmM 3- 
aminotriazole and the p-galactosidase (/acZ) substrate chlorophenolred-p-D- 
galactopyranoside (CPRG; Boehringer) to a concentration of O.lmg/ml. To 
visualise the colour change reaction, the medium was buffered to pH 7 with 0.1 
M sodium phosphate. The assay was conducted in a 96-well microtitre plate 
fomnat. Plates were incubated for 24 hours without agitation, and absorbance at 
570nm was detemnined using a Victor microtitre plate reader (Wallac). EC50 
values (+/- standard error) were estimated by curve-fitting, using the Robosage 
software package. 



Yeast strains used in this study: 



Strains 


Genotype 


W303-1A 


MATsi his3 ade2 Ieu2 trp1 ura3 can1 


MMY9 


W303-1A fus1:FUS1-HIS3 FUS1-lacZ::LEU2 




farlA::ura3A gpa1A::ADE2 sst2A::ura3A 


MMY11 


MMY9 ste2A-:G418^ 



20 

Experiment 1 : Receptors activating yeast pheromone pathway 



This experiment used four human G protein-coupled receptors as examples of 
receptors capable of activating the yeast pheromone response pathway. The 
four receptors were: the melatonin MLib receptor, the serotonin 5HTia receptor, 
the somatostatin SST2 receptor and the purinergic nucleotide receptor. P2Y2. 
These receptors were expressed in yeast strain MMY9 described above. This 
strain was deleted for SST2. FAR1 and GPA1 but retained the endogenous a- 
factor receptor encoded by STE2. Activation of the pheromone response 
pathway was monitored with two integrated reporter genes: FUS1-HIS1 allowing 
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a growth readout in medium lacking histidine, and FUSUacZ allowing a p- 
galactosidase readout. These assays are described herein above. We initially 
investigated signalling of these receptors via the endogenous yeast 
heterotrimeric G protein (Gpa1p/Ste4p/Ste18p). Receptors were expressed in 
yeast strain MMY9 from the strong PGK promoter, using high copy number 
episomal vectors. In Fig. 1. panels A-F show a reverse halo assay performed 
using MMY9 cells co-transfbrmed with the plasmid pRS314-GPA1 (panels B to 
F). which expresses the wild-type GPA1 gene and, in addition, with either a 
receptor expression construct or vector, as follows: pDT-PGK (vector; panel B); 
PFL6I-SST2 (panel C); pDT-PGK-MLiB (panel D); pDT-PGK-P2Y2 (panel E); 
pDT-PGK-5-HTiA (panel F). Agonist-dependent activation of FUS1-HIS3 was 
determined by reverse halo assay in which agonists were applied to the filter 
discs in the an-angement shown in panel A. in quantities as follows: 3 nmol of 
somatostatin-14 (S-14): 40 nmol of melatonin (Mel); 3 nmol of a-facton 100 nmol 
of UTP; 40 nmol of serotonin (5-HT). As expected, treatment of MMY9 cells with 
the yeast pheromone, a-factor, stimulates the endogenous yeast receptor 
Ste2p. resulting in increased expression of FUS1-HIS3 to enable a halo of cell 
growth in the absence of histidine (Fig. 1. Panel B). Similarly. MMY9 cells 
expressing the MLib receptor (panel D) activated FUS1-HIS3 in response to 
melatonin, as well as in response to a-factor. Cells expressing the SST2 receptor 
(panel C) responded to somatostatin, and cells expressing the P2Y2 receptor 
(panel E) responded to the agonist UTP. The zones of cell growth in Fig. 1 are 
comparable in size, although different molar quantities of agonist were required 
for each receptor. Thus, the MLib. SSTj and P2Y2 receptors can couple to the 
yeast pheromone response pathway, via activation of the endogenous G„, 
Gpalp. MMY9 cells transfomned with the 5-HTia receptor expression construct 
did not activate FUS1-HIS3 in response to the agonist serotonin, suggesting that 
this receptor interacts poorly or cannot functionally interact with Gpalp. 

Experiment 2: Yeast/Mammalian Chimera coupling to receptors 

This experiment illustrates that, for certain receptors, the efficiency of coupling 
to the yeast pheromone response pathway can be enhanced by creating 
chimeras between yeast and mammalian G„ subunits. A series of chimeric G„ 
subunits was generated in which the C-terminal domain (C-terminal 142 amino 
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acids) of Gpa1p was replaced with corresponding regions of rat G„o, G„,i, 
and G„j3 (Fig. 5(b)). To achieve an appropriate stoichiometry of G protein 
subunits, the chimeras were encoded on centromeric plasmids and expressed 
from the promoter of the GPA1 gene. This avoids quenching of the Gp/G^- 
mediated signal, due to excess G„ (33). These constmcts were used in an 
experiment in which MMY9 cells were cotransfomied with pairs of plasmids, one 
expressing a G„ subunit and the second either vector (pDT-PGK) or one of the 
receptor expression constructs pFLei-SSTj, pDT-PGK-MLie. pDT-PGK-P2Y2 or 
pDT-PGK-5-HTiA. Agonist-dependent activation of FUSUacZ was determined 
by incubating cells in medium supplemented with the chromogenic, cell- 
pemieant p-galacosidase (/acZ) substrate, chlorophenolred-p-D- 
galactopyranoside (CPRG; Boehringer Mannheim). The extent of conversion of 
this substrate after 24 hr incubation at 30'*C was determined by 
spectrophotometry and the results for the yeast G„ and the four chimeras are 
shown in Fig 2 A-D: 2A Ste2p receptor (pDT-PGK - transformed cells); 2B SST2 
receptor (PFL6I-SST2): 2C ML^b receptor (pDT-PGK- MLib); 2D 5-HTia receptor 
(pDT-PGK-5-HTia). 

As expected, a-factor stimulated the endogenous Ste2p receptor resulting in 
induction of FUSI-lacZ and provoking the strongest response with Gpal p (EC50; 
5.2 +/- 0.4 nM). This value is consistent with the reported affinity of Ste2p for a- 
factor peptide (K^: 17 nM) (3). MMY9 cells expressing the Gpa1/G„o and 
Gpa1/Gai2 chimeras also induced FUSUIacZ m response to high concentrations 
of a-factor, but dose-response curves were displaced rightwards by at least two 
log units, suggesting that the Ste2p receptor interacts less efficiently with these 
chimeras than with wild-type Gpal p. MMY9 cells expressing Gpa1/G,ji or 
Gpa1/G„j3 chimeras did not induce FUSUacZ in response to a-factor. In 
contrast, the somatostatin SSTj receptor was coupled to the pheromone 
response pathway by all the chimeras (EC50 values: 430 +/- 44 nM; 300 +/- 
38 nM; 650 +/- 65 nM; 300 +/- 22 nM; and 630 +/- 30 nM for respectively Gpalp, 
Gpa1/G„o. Gpa1/G„ji, Gpa1/G^2. and Gpal/Gejs). This confirms that the chimeric 
G„ subunits are functional, and suggests that failure of receptors to couple to the 
pheromone response pathway is due to incompatibility with the G„ C-terminal 
region. We confirmed that the chimera proteins were produced at levels 
comparable to wild-type Gpalp by quantitative Western blotting (data not 
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shown), using a polyclonal antibody directed against the N-temiinus of Gpalp 
which is common to all these proteins. 

Of the other receptors, 5-HTia and MLib both exhibited more efficient coupling to 
the pheromone response pathway in cells expressing chimeric G„ subunits than 
those expressing Gpalp. The 5-HTia receptor adopts a conformation in yeast 
capable of activating Gpa1/G„o, supporting the hypothesis firom Experiment 1 
that this receptor is incompatible or poorly compatible with Gpalp. Strikingly, the 
receptors are specific for particular chimeras, for example MLib activates 
Gpa1/GQi2 but not Gpa1/G„j3, even though these chimeras differ at just 14 amino 
acid positions, and levels of expression are similar in each case. When 
signalling was mediated by wild-type Gpalp, FUS1-lacZ was induced to a lesser 
extent by P2Y2 than the other receptors (data not shown), consistent with the 
requirement for greater molar quantities of agonist to give a similar zone of 
growth in the reverse halo assay (Fig. 1). The P2Y2 agonist response was not 
enhanced by any of the G^^ chimeras (data not shown). 

Experiment 3: Chimeras with C-tenninal regions of G „,r 

The Goi5/G„i6 subunits are reported to interact with a much broader range of 
receptors than is typical for a G„ subunit, and have the ability to couple 
receptors which normally interact with G„|, G^ or G„q (26). A Gpa1/G„i6 C- 
temiinal domain chimera, if it exhibited similar properties to full-length G„16. 
might be expected to couple diverse receptors to the pheromone response 
pathway. We constmcted a plasmid encoding a Gpa1/G„i6 C-temiinal domain 
chimera (pRS314- Gpa1/G„i6: Fig. 5(b); Fig. 6(h)) derived from the same 
centromeric vector as used for expression of functional chimeras described 
above. The level of FUS1-LacZ induction in MMY9 cells expressing the 
Gpa1/G„i6 chimera was detemriined by preparing cell extracts, and incubating 
them with the LacZ substrate o-Nitrophenyl p-D-galactopyranoside (ONPG; see 
Materials and Methods). Gpa1/G„i6 reduced FUS1-LacZ expression resulting in 
p-galactosidase activity of 79 +/- 8 units (Table 2). This level was intermediate 
between the activity of control cells transformed with vector (239 +/- 30 units), in 
which the pathway is constitutively activated due to the absence of G„, and the 
basal activity in cells producing wild-type Gpalp (19 +/- 4 units). Therefore, the 
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pheromone response pathway was partially activated, suggesting that this 
construct, which directs expression of Gpa1/G„i6 from the GPA1 promoter, fails 
to sequester all free Gp/G^. 



Table 2: Gpa1/G„i6 binds yeast Gp/G^ but fails to support coupling of the Ste2p 
receptor. 



G protein 


Promoter 


No Alpha Factor 


Plus Alpha Factor 


n 












Vector 




239 +/- 30 


224 +/- 44 


5 


GPA1 


GPA1 


19+/- 4 


273 +/- 49 


3 


GPA1/G16 


GPA1 


79 +/- 8 


79 +/- 4 


3 


GPA1/G16 


TEF1 


23 +/- 5 


24 +/- 8 


5 


GPA1/G16 


GPD1 


16+/- 4 


13+/- 4 


3 



We made further constructs to express Gpa1/G„i6 from the stronger TEF1 and 
GPD1 promoters. These reduced FUSUacZ expression to levels comparable to 
those in Gpalp-producing cells (Table 1). In Fig. 3, MMY9 cells transformed with 
the different Gpa1/G„i6 expression constructs, or control plasmids were streaked 
to a non-selective agar plate supplemented with histidine (panel A) and to a 
selective agar plate lacking histidine and supplemented with 3-aminotria20le 
(panel B). The TEF-Gpal/G^ig and GPD-Gpa1/G„i6 expression constoicts 
reduced FUS1-HIS3 reporter gene expression to prevent growth on histidine- 
selective medium in common with the positive control plasmid (pRS314-GPA1), 
which expresses wild-type GPA1. In contrast, the Gpa1/G„i6 expression 
construct which utilised the GPA1 promoter (pRSSM-Gpal/G^^g) failed to 
reduce FUS1-HIS3 expression sufficiently to prevent growth under histidine- 
selective conditions, similar to the situation with vector-transformed cells 
(control). This result agrees with the ONPG assay results tabled above, 
therefore, the two reporter genes, FUS1-lacZ and FUS1-HIS3, behave similariy. 

With none of the Gpa1/G„i6 expression constructs, however, did the Ste2p 
receptor appear to be coupled to the pheromone response pathway, because 
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treatment of cells with a-factor did not induce FUSI-LacZ (Table 1). MMY9 cells 
expressing the other receptors (MLib. 5-HTia, P2Y2. or SST2) in combination 
with Gpa1/G„i6 a'so did not exhibit agonist-dependent induction of FUS1-LacZ 
(data not shown). Therefore, even though Gpa1/G„i6 can prevent the yeast 
Gp/Gy particle from activating the pheromone response pathway, presumably by 
assembling into a G protein trimer. no free Gp/G^ is released in the presence of 
activated receptors. Clearly, the approach of constructing this type of chimera, 
containing a large C-tenninal domain derived from a mammalian G„ subunit 
fused to the N-terminal region of Gpalp, is not generally applicable to all G„ 
subunits, but is successful with some G„ subunits (including the family and 
G,^) but not others (such as G^ie). The Gpa1/G„i6 chimera lacks the important 
property of full-length G^ie. that of coupling a much broader range of receptors 
than other G„ subunits. This experiment confines that Gpa1/G„i6 C-terminal 
domain chimeric protein is produced in cells, and thus that its failure to couple G 
protein-coupled receptors to the pheromone response pathway is likely to be 
due to incompatibility between receptor and this G„ subunit. 

A Gpa1/G„s chimera has been reported to couple the growth hormone releasing 
homione receptor (12) when expressed from the strong constitutive promoter of 
the yeast phosphoglycerate kinase {PGK1) gene. We constructed Gpa1/G„s and 
Gpa1/Goq chimeras similar to those descibed above (Fig.5B) and expressed 
them in MMY9 cells from the promoter of the GPA1 gene. We assayed FUSI- 
LacZ activity in these cells using a chemiluminescent assay, rather than the 
ONPG assay described above. Results are presented in Table 3. As expected 
from the previous experiments, cells expressing Gpa1/G„i6 from the GPA1 
promoter exhibited significantly higher activities than control cells expressing 
Gpalp. Gpal/Ges and Gpa1/G„q chimeras are similar to Gpa1/G„i6 that they 
also have significantly higher activities than control cells expressing Gpalp. In 
contrast, cells expressing Gpa1/G„o, Gpa1/G„ji, Gpa1/G<,i2. or Gpal/G^ja from 
the GPA1 promoter as expected contained activities comparable to control cells 
expressing Gpalp. In this experiment only wild-type Gpalp and the Gpa1/G„o 
chimera coupled the Ste2p receptor, as shown by Increased FUS1-LacZ levels 
in cells incubated with 1 a-factor. This is consistent with the results of the 
CPRG assay above. This experiment further confimns that the Gpa1/G„o, 
Gpa1/Geyi, Gpa1/G^2. or Gpa1/G^3 chimeras may be expressed from the GPA1 
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promoter and result in sufficiently low activation of the pheromone response 
pathway in the absence of activated receptor to be able to detect coupling, but 
that the Gpa1/G^, Gpa1/G„q and Gpa1/G„i6 chimeras may not. 

Table 3: Activity of the pheromone response pathway in MMY9 ceils 
expressing chimeric GaSubunits 



Gasubunit Ft/Sf-LacZ Activity 



No a- 1 ^M a- 
factor factor 



[vector] 


8.7+2.0 


7.411.6 


Gpa1p 


0.73+0.25 


27.211.7 


Gpa1/G^i 


0.71+0.2 


0.6810.15 


Gpa1/G^ 


0.66+0.33 


0.6710.34 


Gpa1/G^-3 


0.50±0.22 


0.7610.23 


Gpa1/G„o 


0.44±0.12 


0.75+0.069 


Gpa1/G„i6 


3.611.9 


3.611.5 


Gpa1/G<^ 


3.1 ±2.0 


5.013.0 


Gpa1/G«, 


8.2±3.9 


9.614.1 



Values are mean i SD light units (x10® cps) in the chemiluminescent p- 
10 galactosidase assay, n > 5. 

Experiment 4: Transplant Approach 

Fusions with longer N-temiinal regions of Gpa1p and shorter regions of 
mammalian G„ subunits than the chimeras described above might still alter 
receptor specificity, given that minor modifications to the C-terminus of 
mammalian G„ subunits can change receptor specificity (7)(40)(23)(18). This 
could avoid the problem of chimeras having reduced affinity for Gp/G^. We 
created a refined set of Gpa1-G„ fusions, designated the "transplants" (to 
distinguish them from the chimeras having longer regions of mammalian G„ (Fig 
5(B). These fusions had the five C-terminal residues C*^KIGII*^") of Gpalp 
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replaced by the five C-terminal residues of G^ig (EINLL^^), G„ (EYNLV^°°") 
or (QYELL^°^)(see Fig. 5(C). MMY9 cells were co-transfo'rmed with the 
transplant constructs, and in addition with pDT-PGK (vector with no 
heterologous receptor) or the receptor expression constaicts pDT-PGK-5-HTiA, 
PFL6I-SST2 or PDT-PGK-P2Y2. As in Experiment 2, agonist-dependent 
activation of FUS1-LacZ was detemriined by incubating cells in medium 
supplemented with CPRG. and the extent of conversion to product after 24 hr 
incubation at SO'C was detennined by spectrophotometry. The results are 
depicted in Fig. 4 A-D. This experiment shows that the transplants were able to 
interact efficiently with Gp/G^, since they reduced FUSI-LacZ expression In 
MMY9 cells to basal levels when expressed from the GPA1 promoter (Fig. 4A). 
In contrast to the C-tenninal domain chimeras of Experiments 2 and 3. the 
Gpa1-G„i6. Gpal-Goq and Gpa1-G^ transplants all retained the ability to couple 
the activated Ste2p receptor to the pheromone response pathway, although the 
dose-response curves suggested that compared to Gpa1p. the transplants 
interacted less efficiently with Ste2p (EC50 = 257 +/- 13 nM; 75 +/- 2 nM; 102 +/- 
5 nM; respectively for Gpal-G^,, Gpa1-G„i6 and Gpa1-G„q)(Fig. 4A). With 
human receptors as opposed to the yeast receptor, the transplants improved G„ 
subunit/receptor interactions. The Gpa1-G„q transplant significantly enhanced 
coupling of the P2Y2 receptor relative to Gpalp, consistent with the finding that 
P2Y2 signals to its effector phospholipase Cp via G„p in mammalian cells. In 
contrast, the capacity of the Gpa1-G^ transplant to couple P2Y2 to the 
pheromone pathway was indistinguishable from that of Gpal p. 

The Gpa1-G„i6 transplant enhanced the agonist response of cells expressing 
three of the four human receptor (SST2, 5-HTia. and P2Y2 but not MLib). MMY9 
cells coexpressing the Gpal-G^^g transplant with the SST2 receptor required 
roughly ten-fold less somatostatin to elicit a similar response to control cells 
producing Gpalp (EC50 = 27 +/- 0.8 nM for Gpa1-G„i6; EG50 = 430 +/- 44 nM for 
Gpalp). The 5-HTia receptor failed to signal in MMY9 cells through wild-type 
Gpalp. but did so moderately well through the Gpa1-G„i6 transplant. For the 
SST2 receptor, the Gpa1-G„i6 transplant was the most efficient G„; for the 5- 
HTiA and P2Y2 receptors, the Gpa1-G„i6 transplant could support coupling but 
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not as efficiently as the Gpa1/G„o chimera and the Gpa1-G„q transplant, 
respectively. 

It has been reported (34) that deletion of the STE2 gene encoding the Ste2p a- 
factor receptor can result in enhanced coupling efficiencies of heterologously 
expressed receptors. This may be due to competition between the receptors for 
G-protein trimers. To investigate the effect of receptor competition on the 
function of receptors and G„ subunits described herein, we constructed a 
derivative of MMY9 In which the the STE2 gene was deleted by integrative 
disruption with the G418'* resistance marker. The new strain was designated 
MMY11. This strain was used in an experiment in which MMY9 and MMY11 
cells were transfomried with the Gpa1 p expression construct pRS314-GPA1 (Fig. 
6C) and incubated with varying concentrations of a-factor in a CPRG assay 
(Fig.7). As expected. MMY1 1 fails to respond to a-factor. 

MMY11 was used in an experiment in which cells were transformed with pairs of 
plasmlds as before, one to express a G„ subunit and the other a receptor 
expression constmct. This experiment Involved the four receptor expression 
constructs previously described herein (pFLBI-SSTs, pDT-PGK-MLiB. pDT- 
PGK-P2Y2 and pDT-PGK-5-HTia) and four further receptor expression 
constructs: pDT-PGK-SSTg. pDT-PGK-Azb, pDT-PGK-P2Yi and pDT-PGK-5- 
HTiD. We constructed futher transplant constructs to express modified versions 
of Gpa1p in which the C-temiinal five amino acids were replaced with those of 
"""^ ^^c^St''''^"^' (DCGLF^°°"). G„,3 (ECGLY^°«"). and G„,, 

(EFNLV ). These were used in this experiment, along with the G„ subunit 
expression constmcts previously described herein. Cells were subjected to 
CPRG assays to detemiine the concentration response curve to agonist for 
each combination of receptor and G„ subunit. Where pheromone response 
pathway activation was detected, the agonist concentration required to yield a 
half-maximal response (EC50 +/- standard error; all values in nM except where 
othenvise indicated) was detemiined by curve-fitting, and is shown in Table 4A. 
Where weak activation insufficient to carry out curve-fitting was detected, this is 
indicated in Table 4A (weak). Where no coupling was detected, this is also 
indicated (NC). 
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For comparison, Table 4B presents similar data obtained in MMY9; thus 
differences between the values in Tables 4A and 4B are likely to be due to the 
effect of Ste2p on signalling by heterologously expressed receptors. 
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This experiment further illustrates that coupling efficiencies can be substantially 
enhanced by this "transplant" type of modification, even compared to the 
chimeric Gpa1/G„ subunits described in Experiments 2 and 3. Coupling of the 
Ste2p receptor was supported by all of the transplants, although none were as 
effective as wild-type Gpa1p. as indicated by the greater concentrations of a- 
factor required to elicit half-maximal responses (Table 4B). However, the 
transplants in general enhanced the coupling of human receptors, relative to 
wild-type Gpa1p (Table 4A) as indicated by the lower concentrations of agonists 
required to elicit half-maximal responses. All of the transplants enhanced P2Y2 
signalling except Gpa1-Gas. which was not significantly different from wild-type 
Gpa1p. Most efficient was the Gpa1-Gai3 transplant. Similariy. the transplants 
enhanced the efficiency of coupling of the SST2. SST5, ML^b. 5HT,o and A^^ 
receptors, relative to either Gpa1p or to the chimeras with long C-terminal 
domains of Gai/o, often with ten-fold or greater reductions in EC50. The P2Yi 
receptor could be coupled to the pheromone response pathway only by 
transplants, with the Gpa1-Gai4 transplant being most efficient. It is informative 
to compare the Gpa1/Gaj2 chimera and Gpa1-Gaii transplant, which differ only 
in the length of sequence derived from the mammalian Ga (as the C-terminal 
five amino acids of Gaii and Gai2 are identical). The EC50 values for ML^b and 
SST2 were more than ten-fold greater with the Gpa1-Gail transplant than with 
the Gpa1/Gai2 chimera. The same comparison can be made for the Gpa1/Gai3 
chimera and Gpa1-Gai3 transplant. Cleariy. chimeras with shorter lengths of 
mammalian Ga subunits can give more efficient coupling of some receptors. The 
only receptor in this study for which a transplant did not yield optimal coupling 
efficiency was SHT^a where the most efficient transplant was Gpa1-Gao (EC50 in 
MMY11; 1.0±0.1 ^M) but the most efficient coupling was achieved with the 
Gpa1/GaO chimera (EC50 in MMY11; 390+14 nM). This suggests that for the 
majority of mammalian receptors, most efficient coupling in yeast will be 
achieved with the transplant type of G^ subunit. 

Comparison of EC50 values obtained in MMY9 and MMY11 for identical 
combinations of receptor and G„ subunit indicates that the absence of Ste2p 
can enhance coupling efficiencies by aproximately 10-fold. Moreover, for certain 
pooriy compatible receptor/G-protein combinations coupling could be detected in 
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MMY1 1 but not in MMY9. for example 5HTia and Gpa1 p. This is fully consistent 
with the previously observed effects of deleting the STE2 gene, reported by 
Price et al. (34). and does not affect the conclusions above. 

We created a further constnjct to express a truncated Gpa1p molecule lacking 
the five C-terminal amino acids (Fig.SD). This tmncation mutant has been 
reported to bind Gp/Gy but fail to couple Ste2p to the pheromone response 
pathway (11). As expected, expression of this tmncated Gpa1p mutant in MMY9 
or MMY11 cells resulted in low levels of FUS1-LacZ activity, indicating the 
truncated mutant can bind Gp/Gy (data not shown). In the CPRG p- 
galactosidase assay, this mutant fails to couple either Ste2p or other receptors 
to tiie pheromone response pathway (data not shown). This Is fully consistent 
with the report of Hirsch et al. (11) and confimns the importance of the five C- 
temriinal amino acids of the G„ subunit in the interaction with G-protein coupled 
receptors. 



We made further transplant constructs to express modified versions of Gpalp in 
which the C-terminal five amino acids were replaced with those of G 
(YIGLC^°°"). G„,2 (DIMLQ^^^'^) and G,,, (QLMLQ^°°"). The Gpal-C 
Gpa1-G„i3 and to a lesser extent the Gpa1-G„i2 transplants expressed from the 
pRS314-Gpa1-G^. pRS314-Gpa1-G„i3. and pRS314-Gpa1^„i2 constructs 
were all able to couple the Ste2p receptor but they failed to fully sequester 
Gp/Gy as they were associated with increased basal levels of FUS1-LacZ 
activity even in the absence of receptor activation (Fig.8). Conceivably, this 
might be due to dismpted interaction with Gp/G,. or to activation by an 
endogenous yeast protein, or reduced plasmid stability (see below). Quantitative 
immunoblotting suggested tiiat all transplant proteins were produced to similar 
levels. We created further plasmids in which the Gpal-G,^. Gpal-G^ia and 
Gpa1-G„i2 expression cassettes were contained in pRS304. The plasmid 
PRS304 is an integrating vector whereas pRS314 is an episomal. centromeric 
vector. The pRS304-Gpa1-G^. pRS304-Gpa1-G„i3, and pRS304-Gpa1-G„i2 
constmcts were ti-ansfomied into MMY1 1 . targetting their integration into the trp1 
locus of this strain. The resultant strains expressed the Gpal-G^^. Gpa1-G„i3 
and Gpa1-G«i2 transplants from genes located chromosomally rather than from 
genes located on free, episomal plasmids. In the experiment presented in Figure 
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8. MMY11 cells were transformed with either pRS304-based or pRS314-based 
(integrating and episomal, respectively) plasmids to express Gpa1-Gaz (Fig SA), 
Gpa1-Gai3 (Fig.SB), or Gpa1-Goi2 (Fig SC) transplants. In addition, cells were 
transfomried with Yep24-STE2 to express the STE2 gene, as this had been 
deleted from the MMY11 strain. Activation o1FUS1-LacZ in response to different 
concentrations of a-factor was detennined in a CPRG assay. This experiment 
shows that integrating the transplant expression constructs into the chromosome 
reduces basal levels of FUSI-LacZ activity in the absence of receptor activation. 
This enables the Gpal-Go^, Gpa1-G„i3 and Gpal-G^ia transplants to be tested 
in experiments with the human receptor expression constaicts for their ability to 
couple heterologously expressed receptors (data not shown). 

We earned out the same approach, of transfening the transplant expression 
cassette to a pRS304 plasmid and integrating into the genome of MMY11, for 
other transplants. This created a series of strains expressing chromosomal 
copies of the Gpa1-G„o. Gpa1-G„ii. Gpa1-Gai3. Gpa1-G„i4, Gpa1-G„s. Gpa1- 
Gaq. Gpa1-G„i6 Gpa1-G^. Gpa1-G„i3 and Gpa1-Gai2 transplants. In all cases, 
we observed the phenomenon described above, of reduced basal levels of 
FUS1-LacZ activity in the absence of receptor activation, without affecting EC50. 
We conclude from this result that the episomal G„ subunits constmcts are 
unstable. We postulate that in a population of cells containing an episomal G„ 
plasmid, a small proportion of cells may lose this plasmid. These cells would not 
be propagated as they lack the URA3 gene. However, because they would lack 
any G„ subunit the pheromone response pathway would be constitutively 
activated and they would accumulate the LacZ enzyme. Thus elevated basal 
FUSI-facZ levels would be apparent in the whole population, without changing 
apparent protein levels. With the integrated copy of the gene encoding G„. this 
does not occur. 

The set of strains containing the full range of integrated transplants represents 
the full diversity of known mammalian G„ subunits likely to be relevant to drug 
discovery (G„t and G^oif transplants have not been tested). The same approach 
of constructing transplants may be taken with any G„ subunits discovered in the 
future. 
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In conclusion, this approach represents a significant improvement over 
previously described technologies, because i) It is applicable to a wilder range of 
G„ subunits. ii) it is applicable to G„i6 in particular and iii) the Gpa1-G„i6 
transplant possesses, at least to some degree, the property of G„i6 of interacting 
with a broad range of receptors, and therefore may be the G„ subunit of choice 
for coupling orphan receptors, for which the physiologically relevant G protein 
targets are unknown. 
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CLAIMS . 

1. A chimeric G„ protein having yeast G„ (Gpa1p) amino acid sequences 
modified by a minimum of 3 amino acids positions within the C-terminal 10 
amino acids by substitution by alternative amino acids 

2. A chimeric G„ protein according to claim 1 wherein the amino acid 
sequences are modified by at least 5 amino acid positions within the C- 
temiinal 10 amino acids by substitution by alternative amino acids. 

3 A chimeric G„ protein having yeast G„ (Gpa1p) amino acid sequences 
modified at a minimum of three amino acid positions within the C-temiinal 
10 amino acids by substitution with amino acids from a heterologous G„ 
protein. 

4. A chimeric G„ protein according to claim 3 wherein the amino acid 
sequence is modified by at least 5 amino acid positions within the C- 
temiinal 10 amino acids by substitution with amino acids from a 
heterologous G^ protein. 

5. A nucleotide sequence encoding a chimeric G„ protein according to any of 
claims 1 or 4. 

6. A transfomrjed yeast cell comprising a nucleotide sequence which encodes 
a heterologous G protein-coupled receptor and a nucleotide sequence 
according to claim 5. 

7. A method of screening for a compound able to interact with a receptor 
comprising contacting a compound of interest with a cell according to claim 
6 and observing the growth response of the cell. 



8. 



A method according to claim 7 wherein the cell further comprises a reporter 
gene and the method includes the step of observing the production of a 
reporter gene product. 
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